The role of new bone formation on visceral surfaces of ribs in the diagnosis of tuberculosis (TB) in past human populations has been explored by many researchers, using both skeletal remains with known causes of death and archaeological samples. This study focuses, firstly, on adult skeletons from the Coimbra Identified Skeletal Collection in Portugal and investigates the skeletal manifestations of individuals known to have died from TB; secondly, this study focuses on the role of rib lesions in the diagnostic criteria for TB. One hundred and fifty-seven males and 106 females aged between 22-87 years were examined; causes of death were assigned as pulmonary TB, extrapulmonary TB, and pulmonary non-TB; a control group, extrapulmonary non-TB, was selected from the remaining individuals. Of individuals with rib lesions, 85.7% (69/81) had pulmonary or extrapulmonary TB as an assigned cause of death, while 17.8% (16/90) of individuals with rib lesions had a non-TB cause of death. Rib lesions were significantly more common in individuals who had died from TB, although the lesions cannot be considered pathognomonic for TB. In individuals dying from pulmonary TB, ribs in the central part of the rib cage were most affected, at their vertebral ends. The lower part of the rib cage may be a marker for peritoneal TB, and ''corallike'' new bone formation on ribs may be an indicator of neoplastic disease. Further work on rib involvement in TB in clinical contexts, and the study of further documented skeletal collections, are recommended. Am J
individuals with rib lesions, 85.7% (69/81) had pulmonary or extrapulmonary TB as an assigned cause of death, while 17.8% (16/90) of individuals with rib lesions had a non-TB cause of death. Rib lesions were significantly more common in individuals who had died from TB, although the lesions cannot be considered pathognomonic for TB. In individuals dying from pulmonary TB, ribs in the central part of the rib cage were most affected, at their vertebral ends. The lower part of the rib cage may be a marker for peritoneal TB, and ''corallike'' new bone formation on ribs may be an indicator of neoplastic disease. Further work on rib involvement in TB in clinical contexts, and the study of further documented skeletal collections, are recommended. Am J Phys Anthropol 130: 38-49, 2006 . ' 2005 Tuberculosis (TB) is an infectious contagious disease caused by a bacterium from the Mycobacterium tuberculosis complex that affects a variety of domestic and wild animals (Daniel et al., 1994; Vincent and Perez, 1999) . In humans, tuberculosis may be a chronic or acute infection of bone and/or soft tissues (Aufderheide and Rodríguez-Martín, 1998) . For this reason, it was classified under many different names in the past, reflecting specific anatomical localizations and lesions, each considered a different disease (French, 1993; Magyar, 1999) .
The ancient evidence for tuberculosis in humans dates from the Neolithic (ca. 4000 BC). Some evidence is controversial (Sager et al., 1972; El-Najjar et al., 1997) , while some is more convincing (Formicola et al., 1987; Canci et al., 1996) . From 4000 BC to recent times, many skeletal findings were described globally (Roberts and Buikstra, 2003) . The majority of these data rely on the diagnosis of the spinal changes of tuberculosis, followed by changes in the hip and knee joints (Aufderheide and Rodríguez-Martín, 1998) . However, in the periods following prehistory, in a global context, pulmonary TB became more common, being responsible for the majority of deaths from TB, while bone TB, in particular Pott's disease of the spine, was less common. For example, in the Coimbra Cemetery, Cemitério Municipal da Conchada (CMC), records show that pulmonary TB was responsible for 70% of deaths caused by TB from 1910 -1914 (Barata, 2000 . However, positive identification of the existence of pulmonary TB in human skeletons is rare, even though it is assumed that most people in the past probably acquired TB via the pulmonary route (Vale, 1936) . This fact could be responsible for the sharp contrast between the impression of widespread pulmonary tuberculosis in the past seen in historical documents, and the low prevalence of skeletal evidence in both archaeological and recent cases. There are many reasons for this apparent discrepancy. Today, when diagnosing pulmonary TB, physicians generally use chest radiographs and sputum analysis, and do not commonly consider bone change in their diagnosis. However, Guttentag and Salwen (1999, p. 1138) inferred that chronic infections, namely tuberculosis, ''may first manifest as periosteal reaction'' on the ribs. Another problem is the unfamiliarity of physicians today with many of the preantibiotic manifestations of infectious disease; therefore, important osseous signs may not be described in modern clinical medical texts (Santos, 2000) . Although many individuals may die before skeletal modifications can take place (Wood et al., 1992) , bony lesions which do appear may be misinterpreted because bone has a limited response, and careful differential diagnosis is required for confident identification of a specific disease.
Clinical diagnostic criteria used by paleopathologists to identify TB rely on Pott's disease of the spine, a region of the human skeleton with often a good survival rate in archaeologically derived materials (Waldron, 1987) . However, in the 1990s, several studies suggested TB as a possible diagnosis for new bone formation on the visceral surfaces of ribs. Evidence was reported from Austria (Wiltschke-Schrotta and Berner, 1999) , Canada (Pfeiffer, 1991) , Chile (Souza, 2002) , Denmark (Weiss and Møller-Christensen, 1971; Bennike, 1999) , Egypt (Baker, 1999) , Hungary (Molná r and Marcsik, 2003) , Lithuania (Jankauskas, 1999) , Portugal (Santos and Cunha, 1997; Lopes et al., 1999; Marques, 2000) , UK (Chundun, 1991; Boylston, 1991; Goggel, 1992; Murphy, 1994; Roberts, 1999 Roberts, , 2003 Mays et al., 2002; Roberts and Cox, 2003) , and the US (Powell, 1988 (Powell, , 1991 Molto, 1990; Stodder, 1990 Stodder, , 1996 Regan et al., 1993; Kelley et al., 1994; Garten, 1997; Lambert, 2002) . Additionally, from New England, an 18th/ 19th century individual with new bone formation on the ribs was reported to have been intentionally disturbed as a cultural practice to avoid vampires (believed to be people with tuberculosis) rising from the dead (Sledzik and Bellantoni, 1994) .
Studies of relatively ''modern'' skeletons with documented causes of death have helped to clarify the role of rib lesions in the diagnosis of pulmonary TB. In the 1980s, research on the Hamann-Todd Collection, curated in the Cleveland Museum of Natural History (Cleveland, OH), revealed that new bone formation on ribs was more frequent in tuberculous individuals (Kelley and El-Najjar, 1980; El-Najjar, 1981; Kelley and Micozzi, 1984) ; 31 of 352 pulmonary TB cases (8.8%) had lesions on the visceral surfaces of their ribs (Kelley and Micozzi, 1984) . In the Terry Collection, curated by the National Museum of Natural History (Smithsonian Institution, Washington, DC), a stronger connection was found between pulmonary TB and rib lesions. Roberts et al. (1994) analyzed 255 individuals with pulmonary TB as cause of death; rib lesions were found in 157 individuals (61.6%). More recently, a study was conducted on the Coimbra Identified Skeletal Collection (CISC), curated by the Anthropological Museum at the University of Coimbra. This investigation showed that of 66 juveniles in the collection, new bone formation on the ribs was present in 90.9% (10 out of 11) of those who had died from pulmonary TB (Santos and Roberts, 2001) .
From the discussion above, it is clear that more research on this subject is needed. An accurate diagnosis of TB depends on knowledge of the characteristic distribution pattern of associated lesions and their frequency in the skeleton. However, many of the criteria considered in TB diagnosis in paleopathology were developed from the study of skeletons with unknown or uncertain recorded causes of death. Thus, the current study aims to contribute to improving our knowledge and diagnostic criteria for TB in past human populations. This will be achieved by recording the skeletal manifestations of TB in CISC adults in order to reconsider the diagnostic criteria for pulmonary tuberculosis and, by examining differential diagnoses, the role of nontuberculous pulmonary disease in new bone formation on ribs.
MATERIALS AND METHODS
The Coimbra Identified Skeletal Collection, curated in the Anthropological Museum at the University of Coimbra, is a reliable sample for the study of differential diagnoses of rib lesions. This sample of 505 skeletons was collected in the first half of the 20th century (Rocha, 1995) , and all were exhumed from the CMC (Santos, 2000) . These individuals died between 1904-1936, i.e ., between Koch's identification of the pathogen for TB in 1882 (Brock, 1982) and the introduction of antibiotic therapy in the late 1940s (Earnest and Sbarbaro, 1993; Almeida, 1995; Porter, 1996; Cule, 1999) . Research on documents from several institutions and in medical literature from the beginning of the 20th century indicates that the cause-of-death records associated with the CISC are accurate and reliable (Santos, 2000) . For each individual, a record exists which provides cause of death and other medical and personal information. Nearly all the skeletons are complete and well-preserved, although some have destruction. The sample examined consisted of 263 adult individuals (157 males and 106 females), with ages ranging from 22-87 years. This sample comprised all adult individuals in the CISC with TB and pulmonary nontuberculosis as a cause of death, and a control group was selected randomly from remaining individuals. The skeletons of individuals were observed macroscopically without prior knowledge of cause of death. Some bones were also radiographed, using the facilities of the Coimbra University Hospital (CUH). Firstly, the ribs of each individual were sequenced by side and number according to Mann (1993) . Because periosteal reaction can be very subtle in appearance and visibility, a lamp was always positioned a few centimeters from the bone surface under observation. To note the precise location of new bone formation, three regions were considered for each rib: vertebral end, medial shaft, and sternal end. The presence or absence of new bone formation was assigned to each rib according to side and number of the rib affected, and by region on the rib. All data were analyzed using SPSS and Actus, allowing the application of chi-square tests of significance.
RESULTS

Frequency of rib involvement
From the 263 adults observed, 92 (35.0%) individuals were excluded from analysis. Five individuals did not have ribs (skeletons (sk.) 76, 77, 78, 79, and 486) , for one individual (sk. 421) the skeleton did not match the autopsy description, one individual (sk.11) had pathological lesions on his ribs that prevented observations, and the remaining 85 had postmortem damage precluding an accurate observation. The ribs of the remaining 171 individuals observed were divided into four main groups related to their cause of death: pulmonary tuberculosis, extrapulmonary tuberculosis (e.g., TB in the left kidney), pulmonary nontuberculosis (e.g., chronic bronchitis, pneumonia), and extrapulmonary nontuberculosis (e.g., tumors) ( The difference in frequency found between ''cause of death'' and the occurrence of new bone formation on the ribs is summarized in Table 2 . The frequency of periosteal reaction varied significantly in all situations considered except between the pulmonary TB and nonpulmonary TB group of diseases (groups 1 and 2) and the pulmonary non-TB and extrapulmonary non-TB individuals (groups 4 and 5). , P > 0.5). In pulmonary TB individuals, the number of ribs involved varied from 1-13, the most common number being three and seven ribs (10 individuals each), followed by two and four ribs (7 individuals). With respect to new bone formation on particular ribs, the 1st and 12th ribs were affected with new bone formation in only one individual, respectively (both cases on the left side). Formation was also rare on the 11th pair (only 5 individuals affected: 2 on the left, and 3 on the right side). More common locations were the 4th to 6th ribs (47), 4th ribs (47), 5th ribs (47), and 6th ribs (42). Moreover, these lesions were very often more severe on ribs 4-6. Bone formation was mainly seen on the vertebral ends as a continuous ''plaque'' that could extend along the rib shaft. In those individuals who had died from pulmonary TB, the region of the rib most affected was the vertebral end (69.5%), while the middle shaft and sternal ends had similar involvement (around 15% of the cases).
DISCUSSION
There were 8 adults with bilateral pulmonary tuberculosis recorded as a cause of death. However, only 3 showed lesions on both sides of the rib cage: 2 were only affected on the left side, and 1 on the right side. For one individual, it was impossible to determine laterality due to rib fragmentation, and it can only be stated that five portions of ribs were affected. The eighth individual (sk. 86) presented ''compact'' lamellar bone, rather than woven bone. However, 21 individuals with pulmonary TB as a cause of death showed rib lesions on both sides of the thorax.
Extrapulmonary tuberculosis. Of the 18 individuals with nonpulmonary tuberculosis as a cause of death and observable ribs, 3 (16.7%) did not show any periosteal reaction. They died from peritoneal TB with pleurisy and hepatitis (sk. 286) and tuberculosis (sk. 469); the third case had renal TB (sk. 375) and was admitted for kidney surgery and then autopsied. The remaining 15 (83.3%) had rib lesions. Thirteen of these individuals also had respiratory system involvement listed in the cause-of-death data: 9 had pulmonary TB, 3 had tuberculous pleurisy, and 1 had ''granú lia'' TB. However, because this was associated with other diseases, they were classified in a different group from pulmonary TB. Only two individuals who had died from forms of TB that do not affect the thoracic region had rib lesions: these comprised a case of ''tuberculosis'' (sk. 455) and a person with mesenteric TB (sk. 32). However, both individuals had left and right ribs affected by new bone formation.
For this group, the number of ribs affected varied from 2-16. Both sides of the rib cage were affected in 7 individuals, with unilateral rib involvement only seen in 4 cases each. As in the previous group, more common and more severe reactions occurred from the 4th to 6th ribs. In these 15 individuals, the 1st and 12th ribs were not involved in the pathological process.
Pulmonary nontuberculous. In the pulmonary nontuberculous cause-of-death group, only 4 individuals (15.4%) had a periosteal reaction on the ribs (Table 1) . One was a case of pulmonary aspergillosis (sk. 407) in a male individual, aged 31, who was a commerce employee. He was hospitalized at the CUH and autopsied. Macroscopically, new bone formation was deposited from the 3rd to 10th right ribs as a thin layer of new bone along the shaft and at the vertebral end. This reaction of the periosteum is also visible on the radiograph (Fig. 1) . The other 3 cases occurred in vaguely defined assigned causes of death: ''purulent pleurisy'' (sk. 308) was the illness recorded in a soldier aged 30, who died in the Military Hospital, and for the other two individuals who died at the CUH, the cause of death recorded was ''pulmonary gangrene:'' a male individual aged 32 who was hospitalized for 5 days (sk. 489), and a female who died in hospital after 25 days at age 43 (sk. 88). The right ribs of this last individual had slight postmortem damage, while on her left ribs, the better state of preservation allowed the detection of new bone formation on her 3rd ribs in a pattern that could be confused with lesions found in individuals with pulmonary TB. The 4th to 10th ribs in transverse section presented a (Table 1) . These included individuals who died from heart disease (4 cases), peritonitis (2 cases), brain hemorrhage (2 cases), and a tumor (?), accident, syphilis, and nephritis (1 case each). Two individuals with peritonitis as cause of death had their lower ribs affected. In individual 299, a male who died at age 22, only the 10th, 11th, and 12th left ribs had signs of infection along the shaft (Fig. 2 ), visible on a radiograph by increased density. The other individual (sk. 326), a female aged 27, showed extensive postmortem destruction; however, new bone formation occurred from the 1st to 5th ribs at their sternal ends and from the 6th to 11th ribs both at the midshaft and vertebral ends. A female aged 42 years (sk. 254), who died at home due to endocarditis, showed periosteal reaction on 11 of her 23 existent ribs, despite destruction of parts of the ribs as a result of postmortem damage. The side more affected was the left (from the 1st to 9th ribs), and both the vertebral end and midshaft of the ribs presented new bone formation, also visible in radiographs (Fig. 3) . On the right side of the thoracic cage, the 1st rib was missing, and periosteal reaction occurred at the vertebral end of the 2nd and 3rd ribs. CUH (Santos, 1999) and Instituto de Medicina Legal (IML) records revealed that individual 202 (male, aged 32) suffered an accident that led to a rupture and infection of the bladder. On the day of hospitalization, an urethrostomy was performed, and 44 days later, during autopsy, it was noted that the right pleural cavity contained around 100 cm 3 of yellow liquid and a wound in the perineal region. The pelvic bones were broken, and four ribs showed new bone formation surrounding a traumatic lesion, as seen in Figure 4 . A similar lesion occurred in the 8th left rib of an individual who died of subacute pulmonary TB (sk. 302); however, for that male, aged 40 years, accidental trauma was not mentioned. The last case in this group (sk. 384) had a destructive lesion located ca. 75 mm from the sternal extremity (Fig. 5) of one the left ribs (the ribs were fragmented, but it appeared to be the 8th). This 60-year-old industrialist died from ''cephalic syphilis'' and aortitis. Superior and anterior radiographs were taken, which revealed the localized destructive lesion surrounded by an increase of bone density due to new bone deposition.
General discussion of the data
There is general agreement among paleopathologists that the diagnosis of TB in human remains it is not easy. Thus, subjects such as the origin and evolution of TB, based on skeletal data, are still very controversial, due to the nonspecificity of some skeletal lesions (Crubézy et al., 1998) . A diagnosis of TB made by paleopathologists relies mainly on Pott's disease of the spine, followed by changes in the hip and knee joints. However, the tubercle bacillus attacks bone much less frequently than soft tissue (Ritchie, 1952) . Pulmonary TB is the more common form of this disease today, as it probably was in the past. Barata (2000) , in a study of CMC records for the period 1910-1914, verified that 70% of tuberculous causes of death were of pulmonary TB. The analysis of the CUH ''nosographic movement'' (systematic description of diseases) revealed that pulmonary TB was the most frequent cause of hospitalization (49.1%) and of death (64.8%) from 1919-1936. Moreover, from a total of 3,165 cases of TB recorded at the CUH in the period 1919-1930, Pott's disease was responsible for 323 (10.2%) admissions and 1.52% (7/460) of deaths; pulmonary TB represented 44.6% (1411 of 3,165) of admissions and 64.6% (297 of 460) of deaths (Universidade de Coimbra, 1919 Coimbra, , 1934 Coimbra, , 1935 Coimbra, , 1936 . Nonetheless, the medical literature does not necessarily describe all the diagnostic criteria that could be used for pulmonary TB identification which can be used in paleopathology. This disease can, of course, spread from the lungs to surrounding bone tissue, especially in cases of host resistance and a long incubation period, and if a person is not treated. Thus, the frequency rate of pulmonary TB is underestimated in recent historical contexts, and could be at least partially responsible for the large difference between rates of TB in past human skeletons and contemporary documentary sources.
Differential diagnosis of rib lesions
Pulmonary tuberculosis. In this study, new bone on ribs was significantly more common in individuals who had died from TB: 85.7% (54 in 63) of the people who died from pulmonary TB had a periosteal reaction on their ribs (Table 1) . Table 3 compares the number of individuals affected by rib lesions in three other studies of 20th century documented skeletal collections. In those studies, the number of ribs affected per individual varied from 1-13, but 3 or 7 ribs were affected most commonly. In the current study, the new bone occurred on both sides of the thoracic cage in 28 individuals, but unilaterally in 36 more individuals (22 on the left and 14 on the right side) ( Table 4 ). The location of the periosteal reaction was more common at the head and neck regions, and the more severe lesions occurred on the 4th to 6th ribs.
Similar results were obtained for the juveniles of the CISC (Table 3) (Santos and Roberts, 2001 ). In the 11 juveniles who died from pulmonary TB, 10 had new bone formation on their ribs (90.9%), and only 2 of the 48 who did not die from TB (4.2%) had lesions. For those juveniles who died from pulmonary TB, new bone occurred from the 2nd to 10th ribs (Table 4 ). The number of ribs involved varied from 1-7, with 4 being most common. In these cases, the left side was more affected than the right, but ribs from both sides were also affected in 4 individuals, and the 4th to 6th ribs were most involved. Bone formation was mainly seen on the vertebral ends (Table 4) and was woven in nature in the majority of cases (Santos and Roberts, 2001) .
Earlier studies of the Hamann-Todd Collection revealed that new bone formation on ribs was more frequent in tuberculous individuals (Table 3) , and of 352 individuals who died from pulmonary TB, 31 (8.8%) had lesions on the visceral surfaces of the ribs (Kelley and Micozzi, 1984) . In the Terry Collection, a stronger connection was found between pulmonary TB and rib lesions. Roberts et al. (1994) analyzed 1,718 individuals from the Terry Collection, and found that rib lesions were more common in individuals dying from pulmonary TB (61.6%, or 157 of 255) than in individuals dying from a nontuberculous pulmonary cause of death (22.2%, or 51 of 230). The difference between the results in the three identified collections (Tables 3 and 4 ) may be the effect of the reliability of cause of death recorded. However, a person could have rib lesions as a result of TB, despite TB not being stated as cause of death (Roberts et al., 1994) .
Notwithstanding the difficulty of comparing the exact location of new bone on the ribs, Table 4 displays the available data. Concerning laterality, both sides of the rib cage were usually affected in all skeletal collections, as is also the case in living people. Eyler et al. (1996) reported thickening of ribs on the side affected by TB in a study of chest radiographs. They considered antero- posterior views of 156 patients with a diagnosis of TB for 5 or more years (N ¼ 30), chronic pleural infections (N ¼ 41), empyema (N ¼ 25), and as a control group, no pulmonary disease; 60 control subjects were also considered. In the ossuary (dated from the 15th century) investigated by Pfeiffer (1991) , 136 left and 123 right ribs were affected, and only Kelley and Micozzi (1984) reported a predominance of involvement of the ribs of the left side by a ratio of approximately two to one. In individuals with pulmonary TB in the CISC (Table 4) apart from those individuals with bilateral lesions (32), ribs were more affected on the left side (26:16). Eyler et al. (1996, p. 925) concluded that ''the most common condition associated with rib enlargement was pulmonary TB.'' Despite these data linking new bone formation on ribs with pulmonary TB, researchers are still cautious about this possible additional diagnostic criterion for TB (e.g., Buikstra and Williams, 1991; Roberts and Buikstra, 2003) , since no correspondence has been reported in living pulmonary tuberculous individuals. These criteria do not refer to subtle bone lesions frequently seen on ribs and other bones of the skeleton in archaeological populations. However, this could be a response to a primary infection that disseminated from the lung to the pleura and subsequently the visceral surface of the ribs (Roberts, 1999) . Furthermore, TB on ribs is described in the clinical literature as bone destruction (Wassersug, 1941; Leader, 1950) , and autopsies do not usually examine the visceral surfaces of ribs, even when pleural adhesions are present. Furthermore, rib observation is unnecessary for pulmonary TB diagnosis by physicians, despite potentially being important for diagnosis in paleopathology (Santos and Roberts, 2001 ).
The location of rib lesions in the thoracic cage seems to agree with the selective location of pulmonary TB in the apical and posterior segments of adult lungs, extending from the inferior portions of the superior lobes to the superior portions of the inferior lobes (Barata et al., 1987) . Lung infection begins at a peripheral and subpleural site (Aufderheide and Rodríguez-Martín, 1998) in the middle and lower lungs (Hopewell, 1994) . This selective location for adult pulmonary TB was described around 200 years ago by W. Stark and later confirmed by others (Barata et al., 1987) . These areas correspond to the vertebral ends of the 3rd to 8th ribs. Periosteal reaction was more frequent on the 4th and 8th ribs in both Kelley and Micozzi (1984) and Roberts et al. (1994) . Pfeiffer (1991, p. 195) detected lesions from the 3rd to 10th ribs occurring on the vertebral ends ''continuing anteriorly to varying degrees.'' Nevertheless, atypical locations can occur, as Barata et al. (1987) reported in their study of radiographs from pulmonary TB individuals (8%, or 8/100).
Another finding was an increase in the thickness of ribs, identified as a morphological feature on radiographs. Enlargement of ribs on the affected side was also mentioned by Guttentag and Salwen (1999) and Eyler et al. (1996) in patients, especially with tuberculosis. In the CISC individuals, the more common location was at the vertebral end (Fig. 6) , and in some cases, porosity was also visible. The most striking case was recorded in individual 403 (Fig. 7) , whose ribs were around 14 mm thick. Radiographs were taken in a supero-inferior view which clearly showed that ca. 5 mm of their thickness resulted from new bone deposition. The conversion of new woven bone to lamellar bone occurred in ribs from several individuals. The exact extent of this modification was impossible to determine, since it would have necessi- tated radiographs of all studied ribs. The picture provided by periosteal changes is probably dependent on the phase of the disease (early, acute, chronic, recovering, healing, or healed), and age and immunity of the individual (Gladykowska-Rzeczcka, 1998). Chronic periostitis due to inflammatory disease may be evident on radiographs (Oxford University Press, 1998), but only recognizable radiographically when extracortical new bone has been formed (Chundun, 1991) . Furthermore, Kelley and Micozzi (1984) stated that many subtle bone lesions, such as rib periostitis, are radiographically invisible to clinicians treating living people. As Ip et al. (1989, p. 243 ) noted in a patient, ''the lack of clinical report of rib involvement in pleuropulmonary tuberculosis may be partly due to insensitivity of the chest roentgenogram in picking up early skeletal disease.'' Thus, the pattern of ''skeletal involvement in orthopaedic diseases may not be well known'' (Ortner, 1991, p. 8) . Moreover, as shown in this study, subtle new bone formation was impossible to visualize on rib radiographs in the normal anatomical position for radiographs of the chest. Very thick layers of new bone on rib surfaces, however, may be seen as cortical thickening on a supero-inferior radiograph of the ribs. Analyses of rib lesions by scanning electron microscopy indicate an increase in ''vascularity on the visceral surfaces on the ribs with active deposition of new bone around and over the vascular channels,'' and moreover, ''in some cases, this may occur several times before the person's death'' (Wakely et al., 1991) . It is not surprising that subtle bone damage which may be associated with TB (especially in the lungs) is not described as a diagnostic criterion in the clinical literature, as it is probably not even recognized as present.
In the group of individuals with pulmonary TB as cause of death, the majority had a slight layer of new bone adherent to the internal face of the ribs. The exception was the individual (sk. 11) who also had lesions described as ''coral-like'' on all the ribs (Fig. 8) , since they were very exuberant and different from previous descriptions. This type of lesion was present in all the thoracic and pelvic bones, and the proliferative features appear to resemble metastatic carcinoma Anderson et al., 1992) . Thus, the lesions prevented identification of tuberculous lesions.
Extrapulmonary tuberculosis. In this group, 15 cases of periostitis were identified on the ribs (Table 3) . Among them were cases of lung diseases such as pleural TB and pulmonary TB. Because pulmonary TB in these cases was associated with other diseases, they were not considered in the pulmonary TB group. In these skeletons, the 1st and 12th ribs did not show any periosteal reaction and, as in the previous group, the vertebral ends were the region of the rib shaft most affected.
Two individuals from the CISC died of peritoneal TB: a female aged 19 years (sk. 234) reported by Santos and Roberts (2001) , and an adult (sk. 340) who also suffered from pulmonary TB; both skeletons showed rib lesions. However, some differences were found when comparing these changes with those resulting from pulmonary TB. The lower ribs were affected, and the more severe lesions were in this location; the middle of the shaft and/or sternal ends were also involved. Any intra-abdominal organ, as well as the peritoneum, can be involved in TB. Abdominal TB occurs equally in both sexes, and is more common in young adults and the elderly (Hopewell, 1994) . However, intestinal and peritoneal TB are two very rare forms of abdominal TB (0.5% in some series), and are associated with mortality rates that reach 7% (Martins et al., 1994) . Alvarez and McCabe (1984) found that peritoneal TB represented 11% (8 out of 71) of cases of extrapulmonary tuberculosis. The pathogenesis of peritoneal TB is usually by hematogenous dissemination from other affected organs, mainly the lungs, by reinfection of a peritoneal latent focus, or by contamination from a ganglion (Araú jo et al., 1988) . Peritonitis can also be caused by a rupture of tuberculous lymph nodes within the abdomen: signs and symptoms are pain, often accompanied by abdominal swelling, fever, weight loss, and anorexia. Nevertheless, active pulmonary TB is rare in patients with tuberculous peritonitis (Hopewell, 1994) . In some clinical cases, other organs such as the lungs 3 Pulmonary TB and other TB affecting lungs or pleura (two individuals were excluded because ribs were very fragmented). are not involved, and thus peritoneal TB is caused by hematogenous dissemination (Martins et al., 1994) . A different condition is seen in empyema TB, a variety of pleural TB (Argo Editora, 1957; Roberts et al., 1994) ; it is much less common than tuberculous-induced pleurisy. It usually results from a rupture of a ''parenchymal focus via a bronchopleural fistula'' (Johnston et al., 1973) . A female aged 24 who died in hospital (sk. 300) had ''empyema TB'' on the right side ''and pulmonary TB'' documented as her cause of death. The left ribs from the 5th to 9th had, at their vertebral ends, a layer of new bone, more severe on the 7th, while on the right side, the infection had spread over the internal face of all shafts of the 11 existent ribs, and showed a different texture when compared to ribs from cases of pulmonary TB (Fig. 9) .
The remaining 3 individuals with rib lesions recorded were as follows: mesenteric TB (sk. 32), ''tuberculosis'' (sk. 455), and ''granú lia'' TB (sk. 251). This last term is equivalent to acute miliary TB or ''disseminated TB'' (Almeida, 1923; Argo Editora, 1957) , and occurs when host defenses fail, either in a recently acquired or latent infection (Hopewell, 1994) . In these individuals, the vertebral ends of the ribs were affected, and bilaterally in individuals 32 and 455. The presence of rib lesions in a case of miliary TB is not surprising, because this type of TB frequently results from the spread of pulmonary TB as a result of ''erosion of a parenchyma focus of tuberculosis into the blood or lymph vessels which may result in dissemination of the organism and a 'miliary' pattern on the chest film'' (Hopewell, 1994, p. 30) . Thus, this is an acute form of TB, while pulmonary TB is essentially a chronic disease that may cause death due to hemoptysis (Rocha, 1890) ; this occurs when a branch of the pulmonary artery is severed (Aufderheide and Rodríguez-Martín, 1998) . Autopsies of miliary tuberculous victims show that the organs most frequently involved are the liver, lungs, bone marrow, kidneys, adrenal glands, and spleen (Hopewell, 1994) .
Pulmonary nontuberculous. Of 26 individuals (Table  3) , only 4 (15.4%) had new bone formation on the ribs. A male aged 31 (sk. 407), hospitalized for around 5 months, suffered from pulmonary aspergillosis and had involvement of the right vertebral ends of the right ribs, from the 3rd to the 10th; radiologically, a thin layer of new bone covering the middle shaft region was observed (Fig. 1). According to the Argo Editora (1957) , this disease is caused by fungi, and its manifestations are similar to pulmonary TB. For individual 308, who died from purulent pleurisy at the Military Hospital, it was impossible to collect further information. Lesions affected the vertebral end of the 9th right rib, and both the vertebral and sternal ends of the 4th to 11th left ribs, being more severe on the 9th. This ambigu-ous cause of death may implicate a diagnosis of TB.
The last two cases died from pulmonary gangrene: individual 489 was 32 years old, and had a 5-day stay at the CUH in the ''male tuberculous ward;'' his right ribs from the 6th to the 10th had periostitis at their vertebral ends. Individual 88 was 43 years old at death, and was hospitalized for 25 days. Her ribs had a triangular cross section, and macroscopically, this was visible on the 3rd left rib as a slight layer of new bone at the vertebral and sternal ends; a radiograph showed a very thin dense area of bone along the shaft. Porto (1934) considered pulmonary gangrene to be the cause, leading to a subacute or chronic nontuberculous pulmonary suppuration, with recurrence and necrosis of the pulmonary tissue.
Extrapulmonary nontuberculous. Finally, within this group of 64 adult individuals, 12 (18.8%) had lesions in their observable ribs (Table 3) . A male aged 32 (sk. 202) was hospitalized for 44 days at the CUH due to an accident. In his autopsy report, among other information, it was stated that he was ''slim, 52 kg in weight, with anaemia'' (''emagrecido e anemiado''), ''the right lung had 280 g, nothing relevant to be registered, the left with 400 g weight showed pleural adhesions difficult to destroy at the level of the superior lobe'' (''apresentava aderências à pleura parietal, difíceis de desfazer ao nível do lobo superior''). It is stated that as the consequence of all the injuries, ''septicemia arose,'' (''deu lugar a septicemia''), and he had ''lesions of pleurisy adhesive at the left side'' (''lesões de pleuresia adesiva à esquerda''). In fact, he had new bone formation on four left middle ribs, localized around what seemed to be a traumatic lesion (Fig. 4) .
Heart disease was the cause of death for 4 individuals with new bone formation on the ribs: 3 died at home, and individual 487 was a male aged 27 years at death, who was a sailor (''marítimo'') without residence, who came from France to the CUH. He was hospitalized from September 1933-September 1934 due to heart insufficiency. In his file was written, ''It is recommended that this patient receive nutrition from outside the hospital because (he) has lost his appetite due to the long period of internment'' (''Convêm que este doente receba alguma alimenta-çã o de fora visto estar com pouco apetite em virtude de estar internado desde há muito''). These data are associated with a long period of hospitalization, which encouraged speculations about the possibility that he had contracted tuberculosis. A woman aged 46 years at death (sk. 175) had periostitis present at the vertebral ends of two left ribs. She died at the CUH after 52 days of hospitalization. However, her cause of death was not definitively stated, and her file mentioned ''stomach cancer (?).'' Another female aged 34 years at death (sk. 304) died at home from acute nephritis, and slight new bone formation was present on the vertebral end of her 7th right rib. There were also 2 cases, a male (sk. 297) and female (sk. 311), respectively, 32 and 39 years old at time of death. Both died at home from brain hemorrhage, and both had periostitis on their ribs. In one individual (sk. 297), the periosteum of the ribs was damaged postmortem. Thus, only the 9th left rib showed new bone at the midshaft and sternal regions, while in sk. 311, these changes were present in the 3rd to 10th left ribs, and on the mid and sternal ends of the shafts. On the right side, only the 9th rib was affected at its vertebral end. However, doubts exist about the accuracy of records, as discussed above; perhaps the disease stated as the cause of death was not the only contributory cause of death.
Two other individuals with new bone formation on their ribs died from peritonitis: individual 299, a male aged 22 years at death, died at the Military Hospital suffering from ''peri-nephritis with pus and generalized peritonitis.'' The texture of the rib lesions (Fig. 2) was quite different from previous descriptions, occurring at the vertebral end of the 10th left and extending along the shafts of the 11th and 12th ribs. New bone was present on the visceral surface of the left innominate. Encystment peritonitis (''peritonite enquistada'') was the cause of death recorded for a female aged 28 years (sk. 326) who died at the CUH after 43 days of hospitalization. In her patient file was written, ''patient in bad general state'' (''doente em mau estado geral''), and despite the postmortem damage, on the right side of the rib cage new bone was visible on the sternal end of the 2nd to 6th ribs, and on the vertebral end of the 7th to the 11th.
Lastly, there were two cases of syphilis, one in a male aged 29 years (sk. 199) who died after almost 8 months of hospitalization from an aortic aneurysm, also suffering from syphilis (''coexistent disease''). The ribs, from the 3rd to the 10th, had periostitis at their sternal ends, and on the 9th, the vertebral end was also affected. The other individual (sk. 384) was 60 years old at time of death and died at home due to ''cerebral syphilis'' and aortitis. At the sternal end of a left rib (probably the 8th) there was a destructive lesion (Fig. 5) on the visceral surface. Its radiological appearance agrees with one of the three types of rib lesion caused by TB, described by Leader (1950, p. 359 ) as a ''cyst-like lesion entirely within the rib.'' Tuberculosis of the ribs, and other flat bones, is probably a consequence of their marrow-forming structure and could be initiated by M. tuberculosis or M. bovis (Aufderheide and Rodríguez-Martín, 1998) . Rib involvement in tuberculosis may take place by hematogenous spread from a distant focus or by direct expansion from an adjacent soft-tissue or bone lesion (Ip et al., 1989) . However, there is no agreement about frequency rates of involvement. While most authors report it as rare in living patients (Rechtman, 1929; Leader, 1950; Johnson and Rothstein, 1952; Sinoff and Segal, 1975; Asnis, 1997; Chang et al., 1999) or uncommon (Leader, 1950; Brown, 1980) , others say it is more common (Wassersug, 1941; Tatelman and Drouillard, 1953) . Described as a destructive lesion in clinical data, such involvement was previously reported as a single and isolated lesion (Wassersug, 1941; Asnis, 1997) , but subsequent studies found other TB lesions in these cases (Tatelman and Drouillard, 1953) . The middle ribs are more often affected, and secondary involvement of adjacent ribs can occur (Konschegg, 1934; Chang et al., 1999) . The shaft is the most frequently affected site of infection (Tatelman and Drouillard, 1953) . In living patients, Wassersug (1941) noted that the right side was slightly more affected than the left, and this was more common in young adults, namely males. Apart from TB, other possible diagnoses are chronic nonspecific osteomyelitis, treponemal disease, and tumors of the chest wall (Was-sersug, 1941; Tatelman and Drouillard, 1953; Fitzgerald and Hutchinson, 1992; Chang et al., 1999; Ortner, 2003) . A lesion comparable to the one described for individual 384 from the CISC was recorded in a young female, studied as a forensic case in the US, from which was identified DNA from Mycobacterium tuberculosis (Donoghue et al., 1999; Ubelaker et al., 2000) . Mays et al. (2001) reported lytic lesions on the vertebral ends of ribs attributed to extensions of vertebral foci of tuberculous infection in archaeologically derived individuals with a positive identification of DNA from Mycobacterium tuberculosis.
CONCLUSIONS
Paleopathological studies take as their starting point clinical data on how particular diseases affect the human body, and specifically the skeleton. However, there are many bone lesions observed during paleopathological examinations that do not readily correspond to modern disease profiles developed for clinical medical practice (Ortner, 1991; Santos and Roberts, 2001) . Research into ''paleotuberculosis'' enables us to understand the effect of this disease upon human mortality and morbidity worldwide throughout the millennia, and it can also possibly assist in efforts to eliminate, or at least control, this disease in the future (Santos, 2000) .
Assuming that the causes of death for the CISC were correct, and that the lesions observed in the tuberculous individuals were caused by TB, for these individuals who died before antibiotics were developed for treatment, macroscopic lesions related to TB largely exceed published figures in the paleopathological literature. The trends reported were valid for the adults of this population, and also for juvenile individuals (Santos and Roberts, 2001 ). New bone formation on ribs was significantly more common in individuals who died from TB. Although not pathognomonic, this lesion on the visceral surface of the ribs seems to suggest pulmonary tuberculosis as a differential diagnosis. In addition, the type of bone formed and the location of lesions may allow for the differential diagnosis of peritonitis, or neoplastic or pulmonary (non-TB) diseases.
In summary, research into rib involvement in TB needs more work in certain areas. Previous data seem to suggest that pathological features in ribs could be caused by several diseases. In the case of new bone formation on ribs, it was suggested that it is due to an inflammatory process in the lung tissue spreading to the visceral surface of the ribs (Roberts et al., 1998) . However, in the current study, it appears that these differential diagnoses could be made:
In cases of pulmonary TB, ribs in the middle of the rib cage are those most affected by a layer of new bone and mainly at the vertebral ends of the ribs.
Among individuals with peritonitis, the periosteal reaction is more severe, and is seen in the lower ribs. Moreover, when pus is present, the layer of new bone is thicker, clearly showing the infective process. Thus, the lower location on the rib cage may be a clue for distinguishing between pulmonary TB and peritonitis.
Extensive infection along the rib shaft was also visible in the middle of the right side of the rib cage in the individual who died from ''empyema TB on the right side and pulmonary TB,'' while in the left ribs, the texture of the new bone was identical to that found in cases of pulmonary TB.
Supero-inferior radiographs must be taken of thickened ribs to verify the existence, or not, of a layer of old remodeled periosteal new bone.
The neoplastic lesions on the ribs in individual 11 may be differentiated from the pulmonary TB cases, because the former are exuberant with a ''coral-like'' form.
Taking these factors into account, a diagnosis of possible cases of TB in the past may increase. In particular, the most common form of TB (i.e., pulmonary TB) may induce rib changes. As Guttentag and Salwen (1999) pointed out from patient observation, the ribs may be important for diagnosing disease. However, the application of these criteria in the differential diagnosis of rib lesions to past populations will always have limitations. In archaeologically derived skeletons, ribs are often fragmented, which may obscure their identification (Roberts et al., 1998) . Even in individuals from the CISC, inhumed for only short periods of time, the periosteal layer was not completely preserved in all cases, and the periosteal plaques easily became detached. Thus, the presence of periosteal new bone may even have been underestimated in this study. In archaeological material, taphonomic factors could be expected to hinder the observation of these subtle, but important, lesions in identifying possible cases of tuberculosis in the past (Santos, 2000) . In addition, the results could be unrepeatable because the exact definition of the areas of the rib may suffer from interobserver error; sometimes it may be difficult to decide the exact location of the new bone formation (e.g., between midshaft and the sternal end). Moreover, sometimes it is also very difficult to determine presence or absence, namely when darkcolored ribs are present.
The recommendations that arise from this study are that all ribs and/or rib fragments from a population should be observed for periosteal reaction, with location in the rib cage, area of rib involved, and the nature of bone formed recorded. From this investigation, it appears that these changes may be relevant to a diagnosis of pulmonary TB. In addition, care must be taken in the interpretation of the nature and distribution of new bone formed on ribs, as the characteristics of these lesions seem to be pertinent to specific disease processes. The application of standard data recording allows comparisons between different documented collections, and archaeological sites, and provides more accurate diagnosis of thoracic and abdominal diseases, namely pulmonary and gastrointestinal TB. Confirmation of the trends noted in this study is needed in other identified skeletal collections and clinical studies.
